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Abstract 

Electrolytic  Li3P04  coating  on  Pt  as  the  solid  electrolyte  has  been  carried  out  in  the  mixture  of  LiN03  and  NH4H2PO4  aqueous  solution.  The 
cathodic  reactions  during  the  polarization  could  be  divided  into  three  stages:  (I)  02  +  2H+  +  2e~  -*■  20H~  (+0.49  to  —0.33  V);  (II)  2H+  +  2e~  — >  H2 
(-0.33  to  -0.68  V);  (III)  2H20  +  2e“  -+  H2  +  20H“,  HP042'  +  OH“  -+  PO43'  +  H20  and  H2P04~  +  2e~  -+  P043”  +  H2  (-0.68  to  -2.0  V).  The 
orthorhombic  (3-phase  Li3P04  was  found  until  the  transition  to  orthorhombic  7-phase  at  500  °C.  The  lithium  ionic  conductivity  of  100  nm  crystalline 
Li3P04  thin  film  was  about  8.62  x  10~8  S  cm-1  at  25  °C.  Also,  the  mechanism  of  electrolytic  Li3P04  coating  on  Pt  was  discussed  in  this  article. 
©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  miniaturization  of  electronic  devices  results  in  low  cur¬ 
rent  and  power  requirements  today.  Therefore,  thin  film  batteries 
reveal  more  potential  in  this  field,  such  as  the  potential  to  make 
batteries  which  thickness  thinner  than  10p,m,  and  the  possi¬ 
ble  integration  of  battery  fabrication  with  the  microelectronic 
devices  [1],  This  very  low  thickness  allows  using  poor  conduc¬ 
tive  electrolytes  like  lithium  phosphorus  oxy-nitride  (LiPON), 
manufactured  by  sputtering,  vacuum  evaporation,  etc.,  which 
revealed  a  pure  Li+  conductivity  about  2  x  10-6  S  cm-1  [2-4], 
Also,  its  redox  stability  range  is  very  large  and  allows  the  use 
of  very  oxidizing  species  as  positive  electrode.  The  phospho¬ 
rus  influenced  the  electronic  resistance  following  the  valence 
state  —3  (metal  like),  +1  (semiconducting)  and  +5  (insulating). 
Consequently  coating  PO43-  ion  compounds  may  become  the 
competitive  for  electrolyte.  The  LLPOq  specimen  was  usually 
used  as  the  CO2  sensor  [5],  thermo-luminescence  dosimetry 
(TLD)  materials  [6],  and  the  coating  on  positive  electrode  to 
prevent  the  degradation  of  solid  polymer  electrolyte  [7]. 

In  this  study,  a  novel  method  of  electrolytic  Li  3  PO4  coating 
on  Pt  was  conducted  in  the  mixture  of  0.02  M  NH4H2PO4  and 
0.5  M  LiNCE  aqueous  solutions  as  the  solid  state  electrolyte  of 
secondary  lithium  ion  batteries. 
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2.  Experimental 

2.1.  Cathodic  polarization  tests 

To  investigate  the  effect  of  solution  concentrations  on 
cathodic  reaction,  the  platinum  plates  were  electrochemically 
polarized  in  the  mixture  of  0.02  M  NH4H2PO4  and  0.5  M  LINO3 
aqueous  solution  assigned  to  solution  A,  by  using  an  EG&G 
273A  Potentiostat  and  M352  Software.  Furthermore,  charac¬ 
terized  the  effect  of  O2  and  H+  concentrations  on  the  cathodic 
reaction  in  solution  A,  0.01  M  HC1  was  added  into  solution  A 
to  adjust  the  pH  value  and  deaerated  solution  A  by  N2  purging 
assigned  to  B  and  C,  respectively.  The  potential  range  was  swept 
from  the  equilibrium  potential  of  the  platinum  to  a  final  potential 
of  —2.0  V  (versus  the  potential  of  saturated  Ag/AgCl),  with  a 
scanning  rate  of  0.167  mV  s_1 . 

2.2.  Electrolytic  deposition  and  annealing 

The  electrolytic  deposition  of  (I-LLPCL  was  carried  out  in 
an  aerated  0.5  M  LiN03  and  0.02  M  NH4H2PO4  mixed  aqueous 
solution  A  at  room  temperature  and  carried  out  by  potentiostatic 
method  at  — 1.0  V  (Ag/AgCl)  for  1000  s  by  using  an  EG&G 
M273A  Potentiostat  and  M352  Software.  The  1  cm  x  1  cm  plat¬ 
inum  plates  were  as  working  electrode,  a  long  narrow  platinum 
strip  as  the  counter  electrode  and  saturated  Ag/AgCl  the  refer¬ 
ence  electrode.  The  coated  specimens  were  then  naturally  dried 
and  annealed  for  3  h  in  air  at  300,  500,  600  and  800  °C,  respec¬ 
tively,  for  XRD  study. 
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2.3.  XRD,  SEM  and  FE-SEM 

The  crystal  structures  of  the  as-deposited  and  annealed  films 
were  analyzed  by  X-ray  diffraction  (XRD)  in  a  MAC  M03X- 
HF  diffractometer,  with  Cu  Ka  radiation  (X  =  1.54185  A),  26  in 
the  range  10-70°,  at  a  scanning  rate  of  1°  min-1,  a  voltage  of 
40  kV  and  a  current  of  30  mA. 

The  cross-sectional  view  and  surface  morphology  of  the 
deposited  specimens  were  observed  by  scanning  electron 
microscopy  (JEOL  JSM-5400  and  JSM-6700F). 

2.4.  AC-impedance  spectroscopy 

The  P-LFPCC  coated  specimen  annealed  at  300  °C  for  3  h  to 
remove  the  extra  water  for  AC-impedance  measurements.  The 
coated  specimen  was  used  as  the  working  electrode,  lithium 
metals  as  the  counter  and  reference  electrode  in  1  M  LiPFf, 
in  1:1  (v/v)  EC-DMC  solution  as  the  liquid  electrolyte.  The 
assemblages  of  cells  were  conducted  in  an  argon  glove  box  (M. 
Braum  Unilab).  Using  Potentiostat  273 A  with  an  EG&GM5210 
installment  the  frequency  range  from  100  kHz  to  0. 1  Hz  at  room 
temperature.  The  data  were  dealt  with  the  Z  Plot  for  Windows 
Software  2.8. 

3.  Results  and  discussion 

3.1.  Cathodic  reactions 

There  are  three  distinguishable  regions  on  the  polarization 
curves,  as  shown  in  Fig.  1.  By  way  of  cathodic  simulated  in 
solution  A,  possible  cathodic  reactions  are  suggested  as  follow¬ 
ing: 

02  +  4H+  +  4e-  -*  2H20, 

E°  =  1 .032  V  versus  Ag/AgCl  (1) 


log(l)  (A  cm'2) 


Fig.  1 .  Cathodic  polarization  curves  of  the  platinum  in  0.5  M  LiN03  and  0.02  M 
NH4H2PO4  mixed  aqueous  solutions  aerated  in  air,  added  HC1  and  deaerated 
with  N2  was  assigned  to  curves  A-C,  respectively. 


Table  1 

The  diffusion  limited  current  densities  of  polarization  curves  corresponding  to 
regions  I  and  II  in  the  0.5  M  UNO3  and  0.02  M  NH4H2PO4  mixture  aqueous 
solutions  aerated  with  air,  added  with  0.01  M  HC1  and  deaerated  with  N2  were 
assigned  to  A-C,  respectively 


Solution 

pH 

02  (mg L  *) 

Limiting  current  density  (mA  cm  2) 

Region  I 

Region  II 

A 

4.23 

7.4 

0.065 

0.336 

B 

2.25 

7.4 

0.077 

0.669 

C 

4.22 

0.6 

0.009 

0.306 

2H+  +  2e-  H2,  E°  =  -0.197  V  versus  Ag/AgCl  (2) 

2H20  +  2e-  -*  H2  +  20H-, 

E°  —  —1.025  V  versus  Ag/AgCl  (3) 

3.1.1.  Region  I  (+0.49  to  —0.33  V) 

The  deaerated  treatment  by  N2  purging  made  the  first  lim¬ 
iting  current  density  from  0.065  down  to  0.009mA cm-2,  as 
shown  in  Fig.  1,  solutions  A  and  C,  respectively.  This  means 
that  02  played  a  major  role  at  this  region.  Further  the  sim¬ 
ilar  limiting  current  density  of  solutions  A  (pH  4.23)  and 
B  (pH  2.25)  means  that  region  I  was  not  controlled  by  H+ 
diffusion. 

3.1.2.  Region  II  (-0.33  to  -0.68  V) 

Once  the  pH  value  was  modified  from  4.23  down  to  2.25  as 
given  in  Table  1,  solutions  A  and  B,  the  second  limiting  cur¬ 
rent  density  was  enhanced  from  0.336  up  to  0.669  mA  cm-2,  as 
shown  in  Fig.  1,  solutions  A  and  B.  This  means  that  H+  played 
the  major  role  at  region  II,  and  the  diffusion  limited  current  den¬ 
sity  was  controlled  by  the  diffusion  rate  of  H+  in  reaction  (2). 

3.1.3.  Region  III  (-0.68  to  -2  V) 

Much  more  hydrogen  bubbles  were  formed  at  region  III. 
This  means  that  reaction  (3)  occurred.  On  the  other  hand  the 
XRD  diagram  of  as-coated  specimen  revealed  |3-Li3  PO4  struc¬ 
ture  peaks,  as  shown  in  Fig.  2a,  this  indicates  that  some  chemical 
reactions: 

HP042-  +  OH--*  P043-+H20  (4) 

and 

3Li+  +  P043-  -*  (3-Li3PO<4  (5) 

may  occur  or  some  electrochemical  reaction 

H2P04-  +  2e-  -*  P043-  +  H2t  (6) 

occurred  and  resulted  in  chemical  reaction  (5).  The  coatings 
were  carried  out  by  potentiostatic  method  in  solution  A  at  —  1  V 
(versus  the  potential  of  saturated  Ag/AgCl).  During  deposition, 
the  current  density  generally  followed  Cottrell  equation  [8]. 
This  means  the  concentration  polarization  mainly  controlled  this 
reaction.  In  other  words,  it  is  diffusion  controlled. 
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Fig.  2.  XRD  diagrams  of  the  as-deposited  films  (a),  annealed  at  500  °C  (b), 
annealed  at  600  °C  (c)  and  annealed  at  800  °C  (d)  for  3  h,  respectively.  A.  •  and 
*  are  the  symbols  of  |3-Li3P04,  yM.h PO4  and  P4O9  phases,  respectively. 


3.2.  X-ray  diffraction 

The  coated  specimen  p-LiyPCU  as  shown  in  Fig.  2a,  was  grad¬ 
ually  transformed  into  y-LrfPOq  as  shown  in  Fig.  2b.  Though 
these  peaks  were  not  obvious  differences  between  the  strong 
peaks  of  (3-phase  ( 1  1  0),  ( 1  0  1 )  and  (2  1  0)  ( JCPDS  25- 1 030)  and 
y-phase  (1  20),  (1  0  1)  and  (2  20)  (JCPDS  15-0760)  in  Fig.  2. 
There  was  a  distinguished  peak  of  y-phase  (011)  increased  with 
increasing  annealing  temperature,  as  shown  in  Fig.  2c  and  d.  At 
the  same  time  different  peaks  of  P4O9  were  found.  After  cool¬ 
ing  to  room  temperature,  no  (3-phase  was  found  on  the  annealed 
specimen  at  500  °C.  This  means  that  the  irreversibility  of  phase 
transformation  from  (3  to  y  is  the  same  as  the  results  of  refs. 
[9,10], 


Rs  CPE 


Fig.  3.  Nyquist  complex  impedance  diagram  for  (3-Li3PC>4  at  room  temperature 
(a)  and  equivalent  circuit  simulated  diagram  (b). 


3.3.  AC-impedance  and  surface  morphology 

An  impedance  diagram  plotted  in  the  Nyquist  complex  plane 
at  room  temperature  is  shown  in  Fig.  3a.  At  high  frequen¬ 
cies,  consider  solution  resistance  Rs  following  a  semicircle  was 
present  as  a  result  of  a  parallel  combination  of  bulk  resistance 
(/?b)  and  constant  phase  element  (CPE).  The  bulk  resistance 
includes  both  the  grain  interior  resistance  (Rg ;)  and  the  grain 
boundary  resistance  (Rsb)-  These  two  components  are  not  sepa¬ 
rated  in  all  samples.  At  low  frequencies,  there  was  inclined  line 
at  an  approximate  45°  angle  to  the  real  axis,  i.e.  the  Warburg 
impedance.  This  is  part  of  the  interfacial  impedance  and  was  due 
to  an  electrode  contribution.  The  behavior  of  the  impedance  plots 
shows  characteristics  of  a  pure  ionic  conductor  composed  of 
bulk  and  electrode  contributions  [1 1,12].  By  the  equivalents  cir¬ 
cuits  fitted  as  showed  in  Fig.  3b.  The  conductivity  is  determined 
using  a  =  (d/A)/R\,,  where  d  is  the  film  thickness  to  obtain  from 
the  cross-section  view  in  Fig.  4a,  about  1  pirn,  A  the  contact  area 
of  the  sample,  about  1  cm2  and  R[ ,  is  the  film  resistance  deter- 


Pt  L3PO4  Epoxy 

< - 1  I - > 


Fig.  4.  SEM  micrograph  of  the  cross-sectional  view  (a)  and  FE-SEM  surface 
morphology  (b)  of  the  coated  p~Li3P04  film. 
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mined  from  the  complex  impedance  plots  about  1106  £3.  The 
conductivity  approaches  8.62  x  10-8  S  cm-1  at  room  tempera¬ 
ture  to  be  close  to  Bates’  7  x  10“8  S  cm“*  [2]  which  deposited 
by  sputtering  in  Ar  +  Ch  ambiance.  In  this  result  reveal  the  poor 
ionic  conductivity  of  this  compound  therefore  must  add  some 
ions  like  M4+  (M  =  Ge,  Ti,  Sn  and  Zr)  or  M  ’+  (M  =  Al,  Cr,  Fe  and 
Sc)  [13]  to  enhance  the  ion  conductivity,  but  it  can  provide  the 
characterization  for  future  thin  film  cell  discussions.  If  a  power 
supply  with  10  pi  A  is  applied,  the  voltage  drop  is  10-2  V  which 
is  acceptable  for  a  lithium  battery  with  2-4  V. 

Fig.  4b  was  the  field  emission  SEM  observation  on  the  coating 
film.  The  loosely  packed  crystals  revealing  particle  size  about 
100  nm  were  due  to  the  deposition  accompanied  with  the  forma¬ 
tion  H2  bubbles.  Furthermore,  FE-SEM  micrograph  also  showed 
the  apparent  aggregated  morphology,  hence  caused  the  low  ionic 
conductivity;  Jak  et  al.  also  reported  the  total  Li+  ion  conductiv¬ 
ity  increased  with  decreasing  particle  size  [14]. 

4.  Summary  and  conclusion 

A  novel  method  for  preparing  orthorhombic  LbPCb  on 
Pt  was  successfully  conducted  in  the  mixture  of  LiNCb  and 
NH4H2PO4  aqueous  solution  by  cathodic  synthesis.  According 
to  polarization  tests,  XRD  and  SEM,  several  conclusions  are 
listed  below. 

1.  Three  main  cathodic  reactions  in  LINO3  and  NH4H2PO4 
mixed  aqueous  solution  which  belongs  to  various  applied 
voltage  ranges  (versus  Ag/AgCl)  were  identified,  respec¬ 
tively: 

Region  I  :  O2  +  4H+  +  4e“  — »  2FEO 


(+0.49  to  — 

0.33  V) 

d') 

Region  II  : 

2H+  +  2e“  -*  H2  (-0.33  to 

-0.68  V) 

Region  III  : 

2H20  +  2e“  ->  H2  +  20H“ 

(20 

(—0.68  to  — 

2.00  V) 

(30 

and/or 

H2P04_  +  2e_  — »■  P043“+H2 

(60 

2.  Combined  cathodic  reactions  and  XRD  results  indicated  that 
the  reactions  sequence  for  the  formation  of  LbPCb  coating 
was  resulted  from  reaction  (5).  PO43  in  reaction  (5)  was 
provided  by  reaction  (6)  or  reaction  (4). 

3.  From  XRD  diagrams  (3-U3PO4  coating  specimens  trans¬ 
formed  into  "/-phase  until  annealing  500  °C. 

4.  From  cross-sectional  observation  the  I3-U3PO4  coated  film 
with  thickness  about  1  pun  revealed  good  interface  between 
the  coating  and  substrate.  Its  resistance  was  1 1 60  C2  and 
its  ionic  conductivity  approached  to  8.62  x  10-8  Scm-1  at 
room  temperature. 
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